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Abstract
Detailed andysis of regiond and locd waveform data from the 6 June 2003 Bardwell,
Kentucky, earthquake indicates that the mainshock has the seismic moment of My =1.3 (x0.5)

10" N m (Mw 4.0) and occurred at a depth of about 2 (+1) km on a near-vertica fault plane. The
foca mechanism is predominantly srike dip with asub-horizontal P-axistrending 118°. A
temporary seismic network recorded 85 aftershocks that delineate an east-trending fault
goproximately 1 kmin length. In anorth-south cross- section, the aftershocks illuminate a nearly
vertica plane between 2.0 and 2.7 km depth in generd agreement with the west- southwest

griking nodd plane (dip=70° and strike=251°) of the mainshock focd mechanism. The

aftershock clugter in the along-strike cross-section supports interpretation of the mainshock asa
circular fault areawith aradius of about 0.44 (+0.03) km. This source radius yields a satic

stressdrop of Ds = 67 (x14) bars for the mainshock. A forma stress inversion based on the
focd mechanisms of the mainshock and ten aftershocks indicates the maximum compressve
gress trends 104° with aplunge of 5°. Thelocd stress field near Bardwdll is therefore rotated
around 40° clockwise relative to 65° for eastern North Americaas awhole. The Bardwell
earthquakes have the opposite sense of dip to earthquakes with east-trending nodd planes that
occur near New Madrid, Missouri. This requires asignificant locd rotation of the stressfield
over adistance of 60 km.



Introduction

On 6 June 2003 at 12:29 (UTC), amoderate-sized (Mw 4) earthquake occurred near
Barawdll, Kentucky (Figure 1). Bardwell is approximately 57 km northeast of New Madrid,
Missouri, in an area of trangtion from the northeast-trending Redlfoot rift to the east-trending
Rough Creek graben. The Bardwdl mainshock was felt in western Kentucky and parts of
Tennessee, Missouri, and Indiana. Ground acceleration recorded in Wickliffe, Kentucky,
approximately 13 km from the epicenter, attained a peak of 0.02g (Wang et d., 2003). Minor
damage was reported in and around the town of Bardwell. Bricks fdll from a two-story masonry
building in the center of town. An archway in the courthouse sustained cracksin the mortar and
some broken bricks. A portion of the celling collgpsed in the local Dollar Generd Store. Severd
resdents of Bardwell reported that aloud explosive sound preceded strong shaking. A county
judge heard a“low rumble’ turn into a*“deafening roar” right before the earthquake hit. The
shaking was strong enough to encourage some residents to exit their houses and to cause some
difficulty in standing.

Within 15 hours after the mainshock, atemporary network of five broadband
seismographs had been ingtdled in the epicentra areato record aftershocks. Although an Mw 4
earthquake is rather amdl to warrant the effort for an aftershock study, thisis one of the two
largest earthquakes to occur in the Mississippi embayment since the upgrade of the regiona
seismic network beginning in 1998. A four-week long aftershock survey captured 85 aftershocks
that produced high-qudity 3-component broadband seismic records. The aftershocks are tightly
clustered and have magnitude up to 2.4. Thus the mainshock and aftershocks provide unique data
for the study of seismic wave propagation in deep soils and tectonic processesin anintra-plate
region. In this paper, we characterize seismic sources and the locd stressfield.

A primary god of the aftershock study isto determine the depth and fault geometry of the
mainshock. The distribution of aftershocks derived from a standard Sngle-event location method
clearly defines an eadt-trending fault plane around 1 km in length and about 2.5 km undernegth
the town of Bardwell. However, the Sgnificance of the inferred fault geometry is diminished
since location uncertainties are on the same order as the fault dimensions. To reduce the leve of
location uncertainty, we applied the double- difference earthquake location method (Waldhauser,
2001). The double-difference method promotes an order of magnitude improvement in
uncertainty compared to Sngle-event locations (Waldhauser and Ellsworth, 2000). After
relocation, the mainshock fault geometry is determined with increased confidence. A fault radius



is estimated, and along with the seilsmic moment, is used to estimate the static stress drop for the
mainshock.

A second godl of the aftershock study is to obtain an estimate of the orientation of the
local stressfield indicated by the mainshock and aftershocks of the Bardwell earthquake
sequence. The focad mechanism of the mainshock is determined by regiond waveform inverson
and we obtained wdll-congtrained focal mechanisms for ten aftershocks by using P-, SH- and
SV-wave polarities and amplitude ratios of these phases. These focad mechanisms are the basi's
for a dresstensor inversion using the method devel oped by Gephart (1990).

In the following, we discuss the tectonic setting of the 2003 Bardwell, Kentucky,
earthquake sequence, the estimation of the depth and foca mechanism of the mainshock from
regiond waveform inverson, aftershock locations and focal mechanisms, and congtraints on the
mainshock location. Thisisfollowed by a discusson of the loca stressfidd.

Tectonic Setting

The 2003 Bardwell earthquake sequence occurs in the northern Mississippi embayment
(Figure 1), a southwest plunging synclina trough of poorly consolidated to unconsolidated
sediments (Stearns, 1957). The synclind axis roughly coincides with the present course of the
Mississppi River. The Late Cretaceous to recent clastic sediments are around 340 m thick in the
study area, thicken to around 1000 m near Memphis, and feather erosondly to zero thickness at
the embayment margins (Dart, 1992). These sediments lie unconformably atop Paeozoic
sedimentary rock. The Paleozoic rocks form a veneer severa kilometersthick lying
unconformably above the crystaline basement. The Precambrian basement isfound a 4200 m
depth in the Dow Chemica #1 Wilson drill hole (Howe, 1984) in southeastern Arkansas. The
crystaline basement is part of avast Proterozoic (1.48 -1.45 Ga) igneous province stretching
from northern Mexico to eastern Quebec termed the “eastern granite-rhyalite province”’
(Bickford et al. 1986).

The structurd framework of the study areais complex. The embayment sediments have a
regiona dip towards the south and towards the axis of the embayment trough (Stearns, 1957).
However, the underlying Paeozoic rocks in the study area dip northeast towards the lllinois
basin and away from the Ozark uplift and Pascola arch (Kolata et a., 1981). Precambrian
basement outcrops in the St. Francis Mountains of the Ozark uplift, but the top of the
Precambrian basement deepens progressively towards the Illinois basin (McBride et d., 2003).



The top of the Precambrian basement is between 3 and 4 km deep in the study area, and over 6
km deep near the Rough Creek faullt.

Two riftsin the Precambrian basement occur in the sudy area. The northeast trending
Redfoot rift formed during amgor extensond event in the late Precambrian or early Cambrian
(Burke and Dewey, 1973) and reectivated during the Cretaceous to form the Missssppi
embayment (Ervin and McGinnis, 1975). Gravity and magnetic anomalies are interpreted as a
northeast-trending graben 70 km in width and more than 300 km in length with structurd relief
of about 2 km (Hildenbrand et d., 1977, 1982; Kane et d., 1981). The maximum depth to
basement is about 5 km in the center of the rift and 3 km at the flanks (Kane et ., 1981;
Ginzburg et d., 1983; Mooney et d., 1983; Hildenbrand, 1985). The Redfoot rift may be
underlain by a“rift pillow,” ahigh-veocty and high-density crustal layer 30-40 km deep
(Ginzburg et al., 1983; Mooney et a. 1983). Based on gravity and subsurface data, Soderberg
and Kdler (1981) suggest the east-trending Rough Creek graben is the same age and contiguous
with the Redfoot rift.

The New Madrid Seismic Zone (NMSZ) southwest of Bardwell in Figure 1 is strongly
associated with the Redfoot rift. Concentrated microseismic activity delinestes two northeast-
trending segments offset by a north- northwest-trending segment. In the southern segment,
earthquakes are concentrated aong the center of the Redfoot rift axis. On the other hand, the
northwest-trending segment actudly cuts across the western rift boundary. The Redfoot rift is
the mogt seismicaly active of six lapetan rifts and grabensin central and eastern North America,
while the Rough Creek graben is one of the least active (Wheder, 1997).

Three large earthquakes occurred in the NM SZ during the winter of 1811-1812.
Paledliquifaction evidence suggests five to nine magnitude 7-8 earthquakes have occurred in the
NMSZ inthelast 1100 years (Tuttle et d., 2002). Globd positioning satellite observations
indicate differentia displacement rates less than 1-2 mm/yr (Newman et d., 1999; Santillan et
d., 2002). Thethree largest earthquakesin the NMSZ since the regiona seismic network was
established in 1974 are the 25 March 1976, Marked Tree, Arkansas earthquake (mb(Lg) = 5.0;
Herrmann, 1979), 26 September 1990, Cape Girardeau, Missouri earthquake (mb(Lg)= 4.7,
Langston, 1994), and the 4 May 1991, Risco, Missouri earthquake (mb(Lg) = 4.6; Langston,
1994). These and other earthquakes that occurred in NSMZ are predominantly strike-dip faulting
on steeply dipping nodd planes with sub-horizontal P-axes trending ENE-E (see Table 1).



As opposed to the well-defined seismicity patterns of the NMSZ, seismicity to the north
in southern lllinois and Indianais more digpersed. The largest instrumentally recorded
earthquake in the regon is the 9 November 1968, southern Illinois earthquake (Mw=5.3; Table
1). Munson et d. (1997) have found pa eoliquifaction evidence in the southern halves of Illinois
and Indianafor at least Sx large (Mw > 6.0) Holocene earthquakes.

Since the Late Cretaceous (70 Ma) to present, east-west trending horizontal compressive
dressisthe primary tectonic force in the epicentral region (Kolata& Nelson, 1991). This
regiond stress may reactivate faults in the crystaline basement within the Redfoot rift and the

surrounding area.

Mainshock Focal M echanism and Depth from Waveform Inversion

The 6 June 2003, Bardwell, Kentucky, earthquake was well recorded by broadband
seilamographic gationsin the central and eastern United States (Figure 1). Regiond seismic
records at 13 stations in the distance range from 59 to 463 km are used to determine the focal
mechanism and depth. The observed records are modeled using a frequency-wavenumber (f-k)
integration method for a point source embedded in asmple 1D crusta velocity modd (Saikia,
1994). A centra United States crustal modd with four layers over ahdf-space is used
(Herrmann, 1979). A grid-search waveform inversion technique (Zhao & Helmberger, 1994) is
employed. This method matches observed seismograms againg synthetics over discrete wave
trains and alows rddive time shifts between individud wave trains. The preferred solution
minimizes thefitting error (E) in terms of the four source parameters. seismic moment (Mo),
grike, dip, and rake (see Kim, 2003). A globd minimum error is sought for arange of trid
depths.

A common problem in modeing regiona waves is inadeguate knowledge of the crustdl
structure and the corresponding Green' s functions. One approach is to remove high frequency
body waves and modd only the long-period surface waves at around 20 sec period, as discussed
by Zhao & Helmberger (1994) and Tio & Kanamori (1995). We modd the complete waveform
including body waves and surface waves over the period range 8 and 20 sec for records at
distances less than 200 km, and 10 and 30 sec for records at greater distances. The filtered
records are dominated by fundamental mode Rayleigh and Love waves, but aso include Pnl-

waves. The P-wave firg-motion data from eight stationsis also added in the inverson to help



congrain the source mechanism. Theinversion for foca mechanism parametersis carried out as
agrid-search through the whole parameter space of strike, dip and rake.

Figure 2 shows the comparison between the observed and synthetic waveforms for the
best-fit solution. The observed signds are very well matched by the synthetics. The time shifts
(dt) required to dign the 32 traces are mostly positive with an average of 0.9 sec and a maximum
vaue of 2.3 sec, indicating that the crusta vel ocities used to caculate synthetics are dightly
fadter than the actud vaues for mogt paths from this event. The moment tensor inverson using a
amilar crustal model for the northeastern U.S. (Yang & Aggarwad, 1981; Du et d., 2003)
produced almost identical results with time shifts of 0.8 sec.

The preferred foca mechanism (Figure 2) is dominantly strike-dip with near-vertica
nodd planes. The best-fitting double- couple source parameters are strike = 251°, dip = 70°, rake
= 165°, and seismic moment = 1.3 (+0.5) © 10™ N m. Thisnoda plane is consistent with the east-
trending aftershock distribution discussad in the following section, which favors dip on the
ENE-WSW (251°) nodd plane that dips steeply (70°) to the north. Since the P-axisis nearly
horizontd (plunge= 4° and trends ESE-WNW (118°), right-latera strike-dip on an ENE-WSW
trending fault isindicated. Thisisasurpriang result snce this sense of dip isincongsent with
edimates of the direction of the maximum compressive stress near the NMSZ of around 80°
(Grana and Richardson, 1996), 73-84° (Ellis, 1994), or 75° (Zoback, 1992). A smilar focd
mechanism but with the ENE noddl plane dipping steeply south is obtained by Herrmann at St.
Louis Universty (Herrmann, personal comm., 2003).

The preferred source depth is found by running the inversion for arange of source depths
seeking the globa minimum midfit. Figure 3 illustrates the changes in fitting error and source
mechanism as afunction of foca depth. The foca depth plotted is the depth used to generate the
gynthetics. For this earthquake, the fitting error reaches aminimum at 1 km depth dthough the
foca mechanism and thefitting error for depths between 0.5 and 3 km do not vary significantly.

Aftershock Location

We deployed five portable digital seismographs with broadband seismometers within 15
hours of the mainshock (Figure 4). The early regiona network location of the mainshock was
very closeto SUL, thefirst temporary station deployed. Other station locations were chosen to
lie around 4 km from SUL a varying azimuths. The resulting network design was asymmetric



with respect to the aftershock locations, but not sufficiently to warrant a sgnificant re-
configuration. Station, NEAL, ingtaled on 18 June 2003, reduced the largest azimutha gap. OPE
was moved to site OPE2 on 19 June 2003, due to potentia flooding. All stations were removed
on 2 July 2003. Station locations are given in Table 2.

The 3-component broadband seismometers have an instrument response that isflat to
input ground velocity between 0.033 Hz and 50 Hz. At each Site, seismic signals were recorded
continuoudy a 100 samples/sec.

Over approximately four weeks, 253 saiamic events were identified for the Bardwell
aftershock dataset. These included locd, regiond, and teleseismic events and noise triggers.
After event association, P- and S-wave arriva times were picked and HY POEL L I1PSE (Lahr,
1999) was used to |ocate the events. We used a modified NMSZ velocity modd (Chiu et
al.,1992) to locate the earthquakes. Thisis the standard network mode for locating earthquakes
in the NMSZ with amodification of the top layer thickness from 600 to 340 meters. The
adjustment to the soil-layer thickness was based on the soil thickness in three wells (K'Y 18, 399
m; KY 19, 249 m; KY 8, 304 m) that penetrate to Paleozoic rocks in the area (Dart, 1992). The
velocity modd isgivenin Table 3.

Of the 253 identified seismic events, 85 were locd aftershocks with very good signal-to-
noiseratios at al sations. Initia event locations were determined with no station corrections. We
defined station corrections as the average of the resduas for each station (P- and S-waves
independently) for the 85 events. The station corrections are given in Table 2. These gation
corrections were gpplied when relocating the 85 aftershocks.

The aftershock locations are shown in Figure 4a as open circles. They occur directly
underneath the town of Bardwell. The aftershocks define ardatively narrow east-west trend
roughly 1 km in length and 0.25 km in width. The distribution of these aftershocks in the north-
south crass section (open circles) shown in Figure 4b indicates a nearly vertica rupture area
between 1.5 and 3.0 km depth. Thisis consstent with the ENE-WSW gtriking (strike=251°)
steeply dipping (dip=70°) nodd plane of the mainshock (Figure 2).

A god of this study isto determine the fault geometry of the mainshock from the
digtribution of aftershocks. However, the level of uncertainty in aftershock location isonthe
order of the dimension of the fault plane (see Figure 8b). The mean horizonta and vertica 68%
confidence estimates are 0.4 and 1.0 km respectively. Multiple redizations of an earthquake
located at the same point and having this level of uncertainty should produce an elipsoidal cloud



with dimensions of the level of uncertainty. This suggests the actud leve of uncertainty is
overestimated for these events and that the locations are better than the levd of uncertainty
suggests.

Thislead usto try a high-resolution hypocenter location dgorithm. We employed the
double-difference earthquake location method (Wadhauser and Ellsworth, 2000). The method
incorporates travel time differences formed from P- and S-wave arriva times with differentia
travel times derived from waveform cross-correlation methods. It is suggested that uncertainties
areimproved by an order of magnitude for two basic reasons (Wadhauser and Ellsworth, 2000).
Fird, specifying the trave time as a double difference minimizes errors due to unmodeled
veocity sructure. In the Mississppi embayment with deep sails, this could prove sgnificant.
Secondly, waveform cross- correl ation measurements are potentialy more accurate than picks
made by an andy<, particularly for S-waves where the onset is often obscured by the P-wave
coda.

Although Wa dhauser and Ellsworth (2000) used the cross-spectra method of Poupinet et
a. (1984) to measure the differentia travel times, we found it ungtable for sgnalsthat are not
quite milar. Hence, we chose to use a cross-correlaion method that we find more stable for
andysis of broadband of waveforms.

The cross-corrdaion method used in our sudy isillusrated in Figure 5. In this example,
the P-waves from two events at Site SUL are correlated. The data are bandpass-filtered between
0.6 and 30 Hz and a 1.28-second window is gpplied. The windows are centered on the same
Specified time relative to the origin time of each event (Figure 5a). This specified time
corresponds to the travel time of the phase in question for the first event. The cross-correlation of
the two time seriesis shown in Figure 5b. The differentid trave-time corresponds to the lag time
of the pesk in the cross-corrdation function. For use in the double-difference earthquake
location, only measurements having a correlation coefficient equal to or larger than 0.8 are
retained, and the correlation coefficient is used to weight the uncertainty of the observations.

The method has a precison of one sample (0.01 sin this study), and it is a Sable estimator since
non-similar sgnas do not satisfy the correlation coefficient threshold. Examples of corrdated P-
and S-wave a two dations from the same event are shown in Figure 5c.

The relocations using the double-difference method are shown as dark gray circlesin
Figure 4. Epicenter locations have only modest changes, and the mean of the horizontal
uncertainty has been reduced from 400 to 21 meters. The digtribution of epicenters till defines
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an east-west trend roughly 1 km in length, which is ill about 20° from the WSW—-ENE gtriking
noda plane of the mainshock mechanism (Figure 2). A substantidl compressing of the vertica
digtribution of hypocenters is gpparent in the transverse cross-section shown in Figure 4b, and
the mean of the vertical uncertainty has been reduced from 1000 to 25 meters. The hypocenters
define anearly verticd fault ranging from 2.0 to 2.7 km depth. An east-west cross-section (dong
grike) isshown in Figure 4c. The circular “fault plane” shown in this cross-section contains 90%
of the hypocenters and has aradius of 0.44 (£0.03) km. The uncertainty in the radiusis the
square root of the sum of the squares of the horizontal and vertica means.

Aftershock Focal Mechanisms

Although the portable seismographic network we deployed has a limited number of
dations, each station is a high qudity broadband seismograph recording three components of
ground motion. This enables substantial processing of the waveform data to help obtain
sgnificantly more information at each dte. For each trace, instrument response is removed,
horizontal components are rotated to radia- and transverse-components, and al three
components are integrated to displacement after applying a high-passfilter (corner =0.4 Hz).
After this processing, SH- and SV-wave polarities and the amplitude ratios of seismic phases can
be determined, in addition to the P-wave firg-motions. Figure 6a shows waveforms a sation
SUL for the example earthquake (event #4). In this case, the SV-wave polarity iscearly
observed on the radia-component, and the SH-wave polarity is clearly observed on the
transverse-component. While the signd-to-noise ratio was typicaly sufficient at sation SUL to
provide clear displacement waveforms, such clarity a other stations was lesstypicd.

We employed amethod to determine the double-couple earthquake foca mechanism
utilizing P, SH, and SV firg-motion observations, and amplitude ratios SV/SH, SH/P and SV/P
to congtrain the possible focal mechanisms (FOCMEC, Snoke et a., 1984; Snoke, 2003). Figure
6b shows the foca mechanism for the example event determined using the program FOCMEC
and the larger st of condraints. We note that the focal mechanisms obtained using only the P-
wave first motions a each station (e.g., FPFI T, Reasenberger and Oppenheimer, 1985) were
unacceptable, because multiple foca mechanisms were formed to fit observed first motions.

Foca mechanisms determined for a subset of aftershocks are shown in Figure 7. Most of
this subset of aftershocks occurred after ingtdlation of the station NEAL (Table 4). Although the
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selection of earthquakes is somewhat arbitrary, the set fill samples aong the length of the fault.
In generd, focal mechanisms among these aftershocks are consstent with right-laterd strike-dip
on anearly vertica east-griking fault plane. The average P-axisfor these eventsis nearly
horizontal and trends ESE (~120°), which isamogt identica to the mainshock P-axis orientation
(see Figure 2).

Constraints on the Mainshock L ocation Using Waveform Cross-Correlation

The mainshock location plotted in Figure 4a as adar (Table 1) was derived from arrivals
observed on the regiona network and observations from the Kentucky selsmographic network
(Wang, 2003). It does not fdl within the limits of the aftershock trend, but lies gpproximately 1
km to the northeast. The closest station used to locate the main shock was 13.2 km away, and 4
dations were within 20 km. However, S-wave arrivas were not estimated at those stations. The
closest gation having an S-arriva time was 61 km away. The digtribution of seismic gationsin
azimuth was good. The larger of the two horizontal 68% confidence estimatesis 1.2 km, and the
vertica 68% confidence estimate is 1.3 km for the mainshock.

Figure 8a shows a projection of the 95% confidence dlipsoid for the mainshock onto a
horizontal plane centered on its epicenter. At thisleve of probability, over haf of the
aftershocks are within the uncertainty dlipsoid for the mainshock. Figure 8b shows the
projection of the 95% confidence dlipsoid for an aftershock near the center of the distribution
(the &ftershock uncertainty isfrom the origind location usng HY POEL LI PSE). At the same
leve of probatility, the mainshock lieswell outsde the uncertainty dlipsoid for this event.

Given the larger levd of uncertainty associated with the mainshock than the aftershocks, it is
likely that the true mainshock hypocenter lies within the distribution of aftershocks.

The largest aftershock on 06/08/2003 (10:51, M=2.4; Table 4) can be used to support this
clam, since it was well recorded by stations of the portable network and by the regiona stations
that also recorded the mainshock. Figure 9 shows waveform matching for the vertical records at
CCM (Cathedrd Cave, Missouri, D=238 km) from the mainshock and the largest aftershock.
Waveforms are cross-correlated with a coefficient of 0.64 suggesting that the two events are
somewhat smilar in their location and source radiation. Geller & Mudler (1980) and Nadeau et
a. (1995) suggest using one quarter of the dominant signa wave ength as ameasure location
uncertainty for two well-correlated events. In this case, Lg-waves have a velocity of 3.5 km/s



and a dominant frequency near 2 Hz giving a quarter wavelength around 450 m. The waveform
amilarity suggests these two events are within 450 m (Geller & Mudler, 1980; Thorbjarnardottir
and Pechmann, 1987). However, Harris (1991) reported that the correlation length can be much
longer: one to two waveengths, in someregions. The centroid of the aftershock distribution at
38.875°N and 89.010°W is our preferred mainshock location.

Discussion

Relocation of the aftershocks using the double- difference earthquake location method
(Wadhauser, 2001) significantly reduced the location uncertainty while leaving the east-west
trend in epicenters largely unchanged. The digtribution of aftershocks in a north- south cross-
section is consstent with anearly vertical east-gtriking fault at depths between 2.0 to 2.7 km. For
the east-west cross-section (dong dtrike), acircular “fault plane” containing 90% of the
hypocenters has aradius of about 0.44 (+0.03) km.

The east-west trending 1 km long rupture arealinferred from the aftershock distribution
suggests that the west- southwest striking nodal plane (strike=2519) of the mainshock focal
mechanism is likely the fault plane, dthough there is about 20° discrepancy between the strike of
the mainshock mechanism and the EW trend of the aftershock linegtion. The range of uncertainty
for the strike, dip and rake of the mainshock source mechanism are estimated to be 4°, 6°, and 7°,
respectively (see Du et d., 2003) and hence, it is difficult to reconcile this difference.

One of the main values of this aftershock deployment is that the congtraints placed upon
the faulting geometry of the main shock by the distribution of aftershocks dlow inferences
regarding source scaling. The fault radius can be usad aong with the seismic moment obtained
from the waveform inversion to determine the static stress drop, Ds, of the mainshock. The
relaionship between gtatic stress drop, seismic moment (Mo), and fault radius (r) isgiven by
Ds = 7/16 Mo/r3 (Kelis-Borok, 1959; Kanamori & Andersion, 1975). For the seismic moment,

Mo =1.3" 1015 N m, the mainshock has a static stress drop Ds = 67 (+14) bars where the
uncertainty is related entirdy to the uncertainty in fault radius. Atkinson and Hanks (1995) based
on fits to high frequency ground motion observations suggest that the average stress drop for
earthquakes in eastern North Americais 150 bars. However, the variability between earthquakes
issubstantial and 67 barsis not unusud.
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While earthquakes in the NMSZ generally concentrate in the Precambrian basement over
the depth range of 4-14 km (Chiu et d. 1992; Pujol et d. 1997), the Bardwell aftershocks are
concentrated between depths of 2.0 to 2.7 km consistent with estimates of the foca depth of the
mainshock. The Mw=3.6 event of 08/14/1965 (Table 1; Figure 11) also has a shdlow source
depth of 1.5 km (Herrmann, 1979; Nuittli, 1982). These events nucleate and propagate entirely
within Paleozoic sedimentary rocks, since the top of the Precambrian basement is between 3 and
4 km deep in thisarea (McBride et d., 2003). Rupture that nucleates within the Paleozoic rocks
indicates that these rocks store potentia strain energy. A search of the Center for Earthquake
Research and Information (CERI), University of Memphis cataog for eventsin the immediate
area since 1992 produces

the m=2.1 Loveaceville, KY with depth of 9.1 km (1993/01/11),

the m=2.6 Blandville, KY with depth of 8.2 km (1993/07/29),

the m=3.4 Blandville, KY with depth of 12.7 km (1994/09/26).
showing that earthquakes occur over anorma depth range in the study area.

The focd mechanism of the mainshock determined from regiond waveform inverson
(Figure 2) aswell as the mechanisms for ten aftershocks determined from P- and S-wave
polarities and amplitude ratios (Figure 7) are al congstent with a strike-dip stressregime, with
the average P-axis orientation trending 120°. The axes of afoca mechanism represent principa
drains rather than principa stresses, and the two are not generally coincident. McKenzie (1969)
dates that for the generd case of triaxia stress, the only redtriction is that the greatest principa
dress direction must lie in the quadrant containing the P axis. Given the east trending faullt
indicated by the aftershock distribution (Figure 4), the underlying maximum compressive stress
(s 1) direction for the Bardwell earthquakes mugt lie between 90°-180°.

To assess the state of stress around the Bardwell area, we invert the focal mechanisms of
the aftershocks for the local stress tensor (Gephart, 1990). The results of the stress inversion
indicate that thelocd s 1 trends 104° with aplunge of 5° (Figure 10). Theintermediate stress
axis (s ) isnearly verticd indicating a strike-dip stress regime (Gephart and Forsyth, 1984).

Zoback and Zoback (1991) find the direction of s, measured throughout North America
is remarkably consistent with the orientation of the plate-driving forces associated with the ridge-
push force. For eastern North America as awhole, themean s ; direction is estimated to be about
60° -65°. The loca dtressfield near Bardwell is therefore rotated around 40° clockwise relative

to ENA. Others have observed asmaller s clockwise rotation for the NMSZ area of 80° (Grana
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and Richardson, 1996), 73-84° (Ellis, 1994) or 75° (Zoback, 1992). On an east-riking faullt,
these estimates would have produced left laterd strike-dip mation, rather than theright laterd
observed for the Bardwell sequence of earthquakes.

It is interesting to compare the focal mechanism of the Bardwell event to other smilar
gze eventsin theregion (Table 1; Figure 11). The foca mechanisms with red fill and the one
with blue fill have the opposite sense of motion for the east trending plane. Since the s ; direction
must liein the quadrant containing the P axis (McKenzie, 1969), this requires arotation of the

dress field where the s 1 liesin the northeast quadrant for the region with red-fill earthquakes but
in the southeast quadrant for the blue-fill Bardwdl event. The implication isthat a strong
perturbation in the stress field occurs between Bardwell, KY and New Madrid, MO a distance of
about 60 km. Further, the stress field near New Madrid appears to deviate less with respect to
that of ENA than the stress field near Bardwell.

It is notable that under the congtraint that the s ; direction mugt lie in the quadrant
containing the P axis both the red and blue fill mechanisms are generdly compatible with the
black fill while not being compatible with each other. An exception is the October 1965
earthquake in the Ozark Uplift that had a dip-dip foca mechanism. The rotation of stressfied
over adistance of 60 km between New Madrid and Bardwell may indicate aloca source of
dressin the crust. Potential sources of locaized stressrotation in the NMSZ include static stress
changes created by 1811-1812 earthquakes, locd flexure due to sediment load, and buoyancy
forces rdated to the “Rift pillow,” dthough the latter would seemingly rotate the stress field for
the red-fill earthquakes aswell.

Conclusons

Detailed analyss of regiona and local waveform data from the 6 June 2003 Bardwell,
Kentucky, earthquake sequence indicates that the Mw 4 mainshock occurred at a depth of about
2 (1) km. The source mechanism determined from regiond waveform andys's shows
predominantly strike-dip faulting dong near-vertica nodd planes with anear horizontal P axis
(plunge= 4° and trend= 118°).

Following the mainshock, 85 aftershocks were recorded during four weeks of loca
network deployment. Loceations of the aftershocks obtained using a high-resolution technique
(double-difference method), delineate an east-west trending 1 km long rupture area (Figure 4).
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In atransverse (-) cross-section, the aftershocksilluminate a nearly vertica plane between 2.0
and 2.7 km depth in genera agreement with the west- southwest striking nodd plane (dip=70°
and strike=251°) of the mainshock focal mechanism (cf. Figures2 & 4).

The aftershock cluster in the dong-strike cross-section isinterpreted as acircular fault
areawith aradius of about 0.44 (£0.03) km. This source radius yields a atic stressdrop, Ds =

67 (£14) bars for the mainshock with a seismic moment, Mg =1.3~ 1015 N m.

A formd gressinverson based on the focad mechanisms of the mainshock and ten
aftershocks indicates the maximum compressive stress trends 104° with a plunge of 5°. The loca
dressfield near Bardwell is therefore rotated around 40° clockwise relative to eastern North
Americaas awhole. The Bardwel earthquakes have the opposite sense of dip to earthquakes
that occur near New Madrid, MO. This requires alarge rotation of stressfield over a distance of

60 km providing evidence for aloca source of stressin the crugt.
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Table 1. 2003 Bardwell, Kentucky, Earthquake and other Significant Earthquakes in the region

Date Origintime ~ Lat. Long. Depth Magnitude  Paxis  Reference
(year-mo-dy) (hh:mmisec) (°N) (°w) (km)  (mb) (My) (trend/plunge)

2003-06-06 12:29:34  36.878 88.996 25 45 CERI
2003-06-06 12:29:34  36.875 89.010 20 45 40 118/04  thisstudy

New Madrid seismic zone

1962-02-02 06:43:34 36.5 89.6 75 43 42 043/19 1
1965-08-14 13:13:56 37.2 89.3 15 38 36 239/28 1.8
1968-03-03 17:30:11 36.7 90.1 15 48 47 174/11 1
1970-11-17 02:13:55 35.9 89.9 16 44 41 272/09 1
1975-06-13 22:40:27 36.54  89.68 9 42 3.7 049/34 1
1976-03-25 00:41:20 3559 9048 16 50 46 272/01 1,8
1976-03-25 01:00:12 35.61 90.48 16 45 42 27128 1,8
1990-09-26 13:1851  37.170 89.577 12 47 43 280/05 6
1991-05-04 01:18:55  36.56 89.83 5 46 43 040/04 6
1994-02-05 14:55:37  37.368 89.188 16 4.2 ”
Illinois basin and Wabiash Vdley ssismic zone
1968-11-09 17:01:42 3795 8848 25 55 53 097/01 1,2,3,8
1974-04-03 23:05:03 38.6 88.1 15 47 44 267/14 1
1987-06-10 23:48:55 3871 8795 10 49 50 086/00 4,5
2002-06-18 17:37:17  37.992 87.772 18 50 46 252/10 7
Ozark Uplift
1965-10-21 02:04:38 375 91.0 5 49 46 273/76 1
1967-07-21 09:14:49 375 904 15 43 40 314/52 1
1998-01-05 ”

" Magnitude: mb= mb(Lg), 1-sec period Lg-wave magnitude, My, = Moment magnitude,
Reference: (1) Herrmann, 1979; (2) Stauder & Nuttli, 1970; (3) Gordon, 1988; (4) Taylor et dl.,
1989; (5) Langer & Ballinger, 1991, (6) Langston, 1994; (7) Kim, 2003; (8) Nuttli, 1982.



Table 2. Station Information for Bardwell Aftershock Network.
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Station Latitude Longitude Elevation P-correction  S-correction
code (°N) (°W) (meters) (seconds) (seconds)
SUL 36.88848 89.01125 109 0.00 -0.05

LTB 36.89849 88.96704 102 0.00 0.16
HUNT 36.89412 89.06062 117 0.01 0.11

OPE 36.92128 89.00458 98 -0.01 0.07

OPE2 36.90718 89.00941 105 0.00 0.03

CHIE 36.84871 88.99847 136 0.00 -0.06
NEAL 36.85692 89.04115 132 0.01 0.06




Table 3. Modified New Madrid Velocity Model

Layer Thickness Vp Vs
no. (km) (km/s) (km/s)
1 0.34 1.80 0.60

2 2.16 6.02 3.56

3 2.5 4.83 3.20

4 12.0 6.17 3.57

5 10.0 6.60 3.82

6 7.30 4.22




Table 4. Mainshock and large aftershocks )

Event Date Time Lat. Long. Depth  Magnitude
Id Mo/Dy/Year hh:mmisec (°N) (°W) km) (ML)
man 06/06/2003  12:29:34.0 36.875 89.010 2.0 4.5

1 06/07/2003  11:07:00.18 36.8743 89.0085 2.08 1.9
06/08/2003  01:02:14.70 36.8740 89.0040 1.70 20
2 06/08/2003  10:51:38.80 36.8750 89.0058 2.13 24
06/09/2003  07:32:28.85 36.8748 89.0060 2.78 2.2
06/10/2003  07:41:33.26 36.8743 89.0065 2.05 21
06/12/2003  20:05:27.85 36.8743 89.0065 2.09 21
06/12/2003  22:51:39.54 36.8750 89.0068 3.10 21

3 06/21/2003 07:47:51.61  36.87417  89.00450 2.53 1.6
4 06/23/2003 04:13:08.83  36.87483  89.00484 2.54 1.7
5 06/23/2003 06:15:23.63  36.87417  89.01017 2.52 1.3
6 06/24/2003  12:21:4352  36.87400  89.00850 0.99 14
7 06/25/2003  01:21:02.63  36.87433  89.00750 2.18 15
8 06/27/2003 05:40:32.25  36.87500  89.00484 2.53 1.7
9 07/02/2003 10:36:31.50  36.87417  89.00684 2.76 1.9
10 07/02/2003  10:37:20.21  36.87400  89.00767 2.86 1.3

) BEvents identified by itsid are those aftershocks used to determine focal mechanisms plotted in
Figure 7. Event #2 isthe largest aftershock which was used as the master event to re-locate
mainshock using regiond waveform data.



Figure Captions

Figure 1. Mgor geologic features around the epicentra area— the Missssppi embayment and
[llinois basin are indicated as shaded areas. The epicenter of the 6 June 2003 Bardwsll,
Kentucky, earthquake is plotted with astar. Heavy dashed lines indicate the Redfoot rift, a
faled rift sysem in the northern Mississippi embayment. The Rough Creek graben in western
Kentucky and the Rough Creek fault, aswdl as Wabash Vdley fault sysem (WVFS) dong
southesstern Illinois- southwestern Indiana border are indicated by solid lines with tics on
downthrown sides. Earthquakes with mb g2 2.5 in the New Madrid seismic zone (NMSZ) and
eventswithmb 43 4.5 that occurred in other areas during 1960-2002 are plotted for reference
(Centrd Missssppi Vdley Earthquake catalog, 1975-1994, St. Louis University; Gordon, 1988
and PDE monthly listing). Modern broadband seismographic stations are plotted with solid
triangles and source-receiver paths are indicated by dotted lines.

Figure 2. Comparison between observed (gray lines) and synthetic (black lines) waveforms of
the 6 June 2003 earthquake. Synthetic seismograms are calculated for afoca depth of 1 km.
Station code and component (Z=vertical, R=radial, T=transverse components), peak amplitude of
the observed signd in micrometers, ssismic moment in 10™° N m and time shift dt in seconds are
indicated at the end of each trace. Focad mechanism of the event is represented by the typica
beach ball representation of |ower-hemisphere projection. Shaded quadrants denote compression
for P waves. The epicentra distance of each station is marked around the beach ball according
to azimuth. For those gtations whose P-wave polarity data are used, acircleis plotted for
compressond first motion and atriangle is used for dilatationd first motion. Two noda planes
(NP1 and NP2), as well as azimuth and plunge angle in degrees of the P and T axes are
indicated. The ample triangular source time function used is shown.

Figure 3. Changes of thefitting error (E) and source mechanism as afunction of foca depths for
the 6 June 2003 Bardwell, Kentucky earthquake. Thefitting error reaches agloba minimum
(Emin) at 1 km depth. The inversion results for foca depths between 0.5 and 3 km produce
gmilar overal waveform fits, aswell as, source mechanisms indicating arange of acceptable
depths. Acceptable results fal below the horizonta dashed line representing 5% greater fitting
error, 1.05° Emin.

Figure 4. @). Broadband seismometers (black squares) deployed following the Bardwell
earthquake. SUL islocated at theinitid estimate of the mainshock epicenter. The star gives the
current estimate based on the regiond network. Initid aftershock epicenters (open circles) and
relocated epicenters (dark circles) clearly delineste an east trending zone gpproximately 1 kmin
length; b). North-south cross section shows aftershocks are consistent with avertica east
trending fault. The relocated hypocenters (dark circles) are more concentrated in the vertical
dimension, and they are till consstent with avertica fault, ). A circle of radius 0.44 km
including 90% of the relocated aftershocksis displayed in this east-west cross section

Figure 5. a) P-wave window for two events plotted relative to the adjusted arrival time (see text),
b) Normalized cross-corrdaion showing optimum lag time (differentid travel time), c)
Examplesof P-waves and S-waves at two stations after adjustment by lag time.
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Figure 6. @ Displacement waveforms at station SUL for event #4. Horizontal waveforms are
rotated to radial and transverse dlowing identification of S wave polarity. B) Focad mechanism
for event #4.

Figure 7. Aftershock foca mechanismsinferred from P- and S-wave polarities and ratios using
the progran FOCMEC. Eventidisliged in Table 4.

Figure 8. @ Projection onto a horizonta plane of the 95% confidence dlipsoid for the mainshock
location. Note that many aftershocks occur outside of the specified confidence area. b).
Projection onto a horizonta plane of the 95% confidence dlipsoid for an aftershock near the
center of the distribution. Note that the mainshock location (star) is clearly outside the specified
confidence areafor this event.

Fgure 9. (upper panel) Regiond EW-component records at CCM (D=238 km, AZ=304°) from
the mainshock (red trace) and the largest aftershock on 06/08/2003 10:51 (M=2.4)(blue trace).
Traces are plotted aigned to their P-wave trave times, (lower panel) Two traces are superposed
after the waveform cross-correlation. Notice that cross-correlation is performed for 35 seconds
time window, and the waveforms gppears to be corrdated to their largest amplitude arrivas (i.e.,
Lg arivas) with corrdation coefficient 0.64 and time lag of 0.187s, wheress the P waves are
misaligned. Due to poor signd-to-noiseratio of P window for the aftershock, differentid S-P
times could not be determined, which could put congtraint on the mainshock location relive to
the master event.

Figure 10. Maximum principa dressaxis, s1 (square), intermediate axis, s> (triangle), and least
principa stressaxis, s 3 (circle) determined from inverting the foca mechanisms from 10
aftershocks. Notice that the orientation of the s 1 is congstent with the P axis direction (118° or
298°) of the mainshock focd mechanism shown in Figure 2.

Figure 11. Focal mechanisms of the earthquakes that occurred in centra U.S. since 1960s are
plotted with color-coded beach balls (lower hemisphere projection of noda planes). Solid lines
show mgor geologic features around epicentra area with teeth on the downthrown sde. These
are from the south; the Redfoot rift, afaled rift sysem in the northern Mississppi embayment,
Rough Creek graben in western Kentucky, and the Wabash Vdley fault sysem (WVFS) aong
southeagtern Illinois-southwestern Indiana border. Tertiary limit that outlines the Mississippi
embayment isindicated by heavy solid line. Earthquakes (gray circles) defining the New Madrid
sagmic zone (NMSZ) are shown to give the geometric orientation with the udy area. The 6
June 2003 Bardwell, Kentucky earthquake is indicated by a blue beach ball. Foca mechanisms
of earthquakesin the NMSZ with east-west trending nodal plane that have NE-ENE trending P
axis are plotted by red beach balls. A comparison between Bardwell and New Madrid events,
hence, indicates a strong perturbation in the stress field over a distance of about 60 km.
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Figure 1. Mgor geologic features around the epicentral area— the Mississppi embayment and
[llinois basin are indicated as shaded areas. The epicenter of the 6 June 2003 Bardwell,
Kentucky, earthquake is plotted with a star. Heavy dashed lines indicate the Redfoot rift, a
failed rift syslem in the northern Mississippi embayment. The Rough Creek graben in western
Kentucky and the Rough Creek fault, as well as Wabash Valley fault system (WVFS) dong
southeastern Illinois-southwestern Indiana border are indicated by solid lines with ticson
downthrown sides. Earthquakes with mb 42 2.5 in the New Madrid seismic zone (NMSZ) and
eventswith mb 42 4.5 that occurred in other aress during 1960-2002 are plotted for reference
(Centrd Missssippi Valey Earthquake catadog, 1975-1994, St. Louis Univeraty; Gordon, 1988
and PDE monthly listing). Modern broadband seismographic stations are plotted with solid
triangles and source-receiver paths are indicated by dotted lines.
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Figure 2. Comparison between observed (gray lines) and synthetic (black lines) waveforms of
the 6 June 2003 earthquake. Synthetic seismograms are cdculated for afoca depth of 1 km.
Station code and component (Z=vertica, R=radia, T=transverse components), peak amplitude
of the observed signal in micrometers, seismic moment in 10*° N m and time shift dt in seconds
areindicated at the end of each trace. Focal mechanism of the event is represented by the
typica beach ball representation of |ower-hemisphere projection. Shaded quadrants denote
compression for P waves. The epicentra distance of each station is marked around the beach
bal according to azimuth. For those stations whose P-wave polarity data are used, acircleis
plotted for compressiond first motion and atriangle is used for dilatationd first motion. Two
nodal planes (NP1 and NP2), as wdl as azimuth and plunge angle in degrees of theP and T

axes are indicated. The smple triangular source time function used is shown.
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Figure 3. Changes of thefitting error (E) and source mechanism as afunction of foca depths for
the 6 June 2003 Bardwell, Kentucky earthquake. Thefitting error reaches agloba minimum
(Emin) at 1 km depth. The inverson results for foca depths between 0.5 and 3 km produce
amilar overal waveform fits, aswell as, source mechanismsindicating arange of acceptable
depths. Acceptable resultsfal below the horizontal dashed line representing 5% greeter fitting

error, 1.05° Emin.
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Figure 4. @). Broadband seismometers (black squares) deployed following the Bardwell
earthquake. SUL islocated at theinitid estimate of the mainshock epicenter. The star gives the
current estimate based on the regionad network. Initia aftershock epicenters (open circles) and
relocated epicenters (dark circles) clearly delineate an esst trending zone gpproximately 1 km
in length; b). North-south cross section shows aftershocks are consistent with a vertica east
trending fault. The relocated hypocenters (dark circles) are more concentrated in the vertical
dimension, and they are till consstent with avertica fault, ). A circdle of radius 0.44 km

including 90% of the relocated aftershocks is displayed in this east-west cross section.
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Figure 5. @) P-wave window for two events plotted relative to the adjusted arriva time (see
text),. b) Normdized cross-corrdaion showing optimum lag time (differentid travel time), c)
Examples of P-waves and S-waves at two Sations after adjustment by lag time.
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Figure 6. 8) Displacement waveforms at station SUL for event #4. Horizontd waveforms are
rotated to radiad and transverse dlowing identification of Swave polarity. B) Focd mechanism

for event #4.
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Figure 7. Aftershock foca mechanismsinferred from P- and S-wave polarities and ratios using
the program FOCMEC. Eventidisliged in Table 4.
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Figure 8. 8 Projection onto a horizontal plane of the 95% confidence dlipsoid for the
mainshock location. Note that many aftershocks occur outside of the specified confidence area.
b). Projection onto a horizontal plane of the 95% confidence elipsoid for an aftershock near the
center of the digtribution. Note that the mainshock location (star) is clearly outside the specified
confidence areafor this event.
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Figure 9. (upper panel) Regiond EW-component records at CCM (D=238 km, AZ=304°) from
the mainshock (red trace) and the largest aftershock on 06/08/2003 10:51 (M=2.4)(blue trace).
Traces are plotted digned to their P-wave trave times, (lower panel) Two traces are superposed
after the waveform cross-correlation. Notice that cross-correlation is performed for 35 seconds
time window, and the waveforms appears to be correlated to their largest amplitude arrivas (i.e.,
Lg arrivas) with correlation coefficient 0.64 and time lag of 0.187s, whereas the P waves are
misaligned. Due to poor signa-to-noiseratio of P window for the aftershock, differentid S-P
times could not be determined, which could put congtraint on the mainshock location relative to
the master event.
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Figure 10. Maximum principa stressaxis, s1 (square), intermediate axis, s» (triangle), and
least principa stress axis, s 3 (circle) determined from inverting the focal mechanisms from 10
aftershocks. Notice that the orientation of the s ; is consgtent with the P axis direction (118° or
298°) of the mainshock focd mechanism shown in Figure 2.

36



Jgo — — I - L EEEEEE—
e S (68T

wuamA!-'

Wabash Velley
Fault System

380 B

; Lr-=H "
[ a}--
w mam

370 e -EIjj“[IBfI]E

L DE.‘r I]T:'J'Ei"

J6° :
04/31/13

& S
- ¢ A Wi —

ol km

a1 H— = . =
il g0° Bge Bg° g7@

Figure 11. Focal mechanisms of the earthquakes that occurred in central U.S. since 1960s are
plotted with color-coded beach balls (lower hemisphere projection of nodd planes). Solid lines
show mgor geologic features around epicentral areawith teeth on the downthrown side. These
are from the south; the Redfoat rift, afaled rift sysem in the northern Mississppi embayment,
Rough Creek graben in western Kentucky, and the Wabash Vdley fault sysem (WVFS) dong
southesstern 1llinois-southwestern Indiana border. Tertiary limit that outlines the Missssippi
embayment isindicated by heavy solid line. Earthquakes (gray circles) defining the New
Madrid seismic zone (NMSZ) are shown to give the geometric orientation with the study area.
The 6 June 2003 Bardwell, Kentucky earthquake isindicated by ablue beach ball. Focal
mechanisms of earthquakes in the NM SZ with east-west trending nodd plane that have NE-
ENE trending P axis are plotted by red beach balls. A comparison between Bardwell and New
Madrid events, hence, indicates a strong perturbation in the stress field over a distance of about

60 km.
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